ABSTRACT. To date, path analysis has been used with the aim of breeding different cultures. However, for cotton, there have been few studies using this analysis, and all of these have used fiber productivity as the primary dependent variable. Therefore, the aim of the present study was to identify agronomic and technological properties that can be used as criteria for direct and indirect phenotypes in selecting cotton genotypes with better fibers. We evaluated 16 upland cotton genotypes in eight trials conducted during the harvest 2008/2009 in the State of Mato Grosso, using a randomized block design with four replicates. The evaluated traits were: plant height, average boll weight, percentage of fiber, cotton seed yield, fiber length, uniformity of fiber, short fiber index, fiber strength, elongation, maturity of the fibers, micronaire, reflectance, and the degree of yellowing. Phenotypic correlations between the traits and cotton fiber yield (main dependent variable) 2 F.J.C. Farias et al. Genetics and Molecular Research 15 (3): gmr.15038239 were unfolded in direct and indirect effects through path analysis. Fiber strength, uniformity of fiber, and reflectance were found to influence fiber length, and therefore, these traits are recommended for both direct and indirect selection of cotton genotypes.
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INTRODUCTION
Upland cotton (Gossypium hirsutum L.r. latifolium Hutch.) is used in the production of one of the most important textile fibers of the world (Farias et al., 2016) . Because it offers various useful products of great relevance for the Brazilian and world economies, it is among the plants that are the most exploited and economically important in Brazil (Carvalho et al., 2015a) . Globally, Brazil is already the world's fifth largest cotton seed producer, with 4.4 million tons produced in the harvest 2013/14. The production is concentrated to the CentroOeste region with 66% of the total amount, and the State of Mato Grosso is the largest domestic producer (Conab, 2015) .
Changes in spinning technology, competition with synthetic fibers, and the globalization of cotton production and textile products increases the demand for higher fiber quality (Smith et al., 2008) . To become competitive in the global market, currently dominated by Australia, whose fiber is of excellent quality, industries require greater strength for spinning and bundling, reduced short fiber content, and greater uniformity in length and mature fibers. All these traits are desirable for increasing processing speed in the textile industry (Smith et al., 2008) .
One of the major traits that still needs to be improved is the fiber length. To this end, an understanding of the correlations between agronomic and technological traits is critical in breeding programs. This is because selection based on one trait may result in changes in other important agronomic traits as well. This occurs because these correlations do not determine the relative importance of direct and indirect effects of the traits that comprise grain yield (Lynch and Walsh, 1998) .
Path analysis, as proposed by Wright (1921) , allows for a better understanding of different trait associations, through the unfolded of correlation coefficients in direct and indirect effects on the trait of interest (Corrar et al., 2007) . Estimates of these effects are obtained by regression equations in which the variables are first standardized. However, for cotton crop, few studies have used this method for breeding purposes and the few studies that have been done to this end, all used fiber yield as the primary dependent variable (Tyagi et al., 1998; Iqbal et al., 2003; Hoogerheide et al., 2007) .
Thus, the current study aimed to identify which agronomic and technological traits can be used as direct and indirect selection criteria for cotton genotypes with higher fiber contents. The experimental unit consisted of four 5.0 m long rows, spaced at 0.90 m at a density of nine plants/m. The agronomic traits evaluated were: plant height (PH, cm), average boll weight (ABW, g), concept (CON), percentage of fibers (PF, %), cotton seed yield (YS, kg/ha), and cotton fiber yield (YF, kg/ha). Twenty bolls from each experimental unit were evaluated for the following technological fiber traits: fiber length (FL, mm), uniformity of fiber (UNIF, %), short fiber index (SFI, %), fiber strength (FS, gf/tex), elongation (EL, %), micronaire (MIC, mg/inches), reflectance (REF, %), degree of yellowing (+b), spinning (SPI), and maturity of fibers (MAT, %), using the high volume instrument from the Laboratory of Fibers of the Embrapa Algodão.
MATERIAL AND METHODS

Eight
To verify the genetic variability among genotypes, a joint analysis of variance for each trait was carried out. This was done after detecting that the relationship between the largest and smallest residual mean square of the individual analyses of variance did not exceed the ratio 7:1 (Pimentel-Gomes, 2009). Subsequently, the among-trait phenotypic correlations were estimated. These were then unfolded in the path analysis, in direct and indirect effects, considering the following equation 1:
where in Y is the principal dependent variable and YF; X 1 , X 2 , ..., X n are the independent explanatory variables; and p 1 , p 2 , ..., p n are the path analysis coefficients. The coefficient of determination (R 2 ) was calculated by the equation 2: 2 2 2 2y 2y 2n 2n ly
The degree of multicollinearity of the X'X matrix was established based on its number of conditions (NC), which is the ratio between the largest and the smallest matrix eigenvalue (Montgomery and Peck, 2001) . If NC < 100, the multicollinearity is weak and does not constitute a problem for the analysis. If 100 ≤ NC ≤ 1000, multicollinearity is considered moderate to strong, and if NC > 1000, the degree of multicollinearity is determined as severe. All statistical analyses were performed using the GENES software (Cruz, 2013) .
RESULTS AND DISCUSSION
Significant differences (P ≤ 0.05) were estimated by F-tests among cotton genotypes for all traits evaluated, allowing us to make inferences about the existence of genetic variability among genotypes (Table 1 ). The results obtained are similar to those obtained in other studies of cotton crop (Freitas et al., 2007; Silva et al., 2011; Martins et al., 2012; Araújo et al., 2013; Jerônimo et al., 2014; Carvalho et al., 2015a,b) . Table 1 . Summary of analysis of variance for plant height (PH, cm), average boll weight (ABW, g), concept (CON), percentage of fibers (PF, %), seed cotton yield (YS, kg/ha), cotton fiber yield (YF, kg/ha), fiber length (FL, mm), uniformity of fiber (UNIF, %), short fiber index (SFI, %), fiber strength, (FS, gf/tex), elongation (EL, %), micronaire (MIC, mg/ inches), reflectance (REF, %), degree of yellowing (+b), spinning (SPI), and maturity of fibers (MAT, %), evaluated in 16 cotton genotypes in eight environments in the State of Mato Grosso.
ns, *Not significant and significant according to an F-test at the 0.05 probability level, respectively; CV = coefficient of variation; d.f. = degrees of freedom. PH correlated positively (P ≤ 0.05) with PF, YS, and YF (Table 2 ). This indicates that the selection of larger sized genotypes may result in improvement in productive traits. CON correlated negatively (P ≤ 0.05) with ABW and UNIF and positively with SFI. There were also positive correlations (P ≤ 0.05) between PF x YS and PF x YF, indicating that PF may be used for direct selection on cotton genotypes with high cotton fiber yield. These results directly reflect on the high magnitude correlation (P ≤ 0.05) found between YS x YF. The negative correlations (P ≤ 0.05) obtained between SFI x UNIF and +b x REF were expected because of the antagonism between these traits. The SPI was positively correlated (P ≤ 0.05) with UNIF, FS, and REF. In turn, MAT correlated positively (P ≤ 0.05) with YS, YF, FS, MIC, and REF, which indicates that this trait can be used for direct selection for genotypes with good technological properties. The main causes of phenotypic correlation between traits are pleiotropism, the property by which a gene may simultaneously affect more than one trait; and linkage disequilibrium, the non-random association between alleles of different loci (Mode and Robinson, 1959) . Thus, although important, the phenotypic correlation coefficient can produce misconceptions about the relation between two traits, and need not be a true measure of cause and effect. The strength of the correlation coefficient between two traits may be the result of an effect that a third trait or group of traits has on the traits, not giving the exact relative importance of the direct and indirect effects of the factors being analyzed (Cruz et al., 2004) .
For these reasons, we proceeded to do a path analysis, which investigates the cause and effect of the relationships. Teodoro et al. (2014) mentions that this analysis provides a detailed knowledge of the traits' influence, and justify the existence of positive and negative correlations of high and low magnitude among the studied traits. However, for obtaining direct and indirect effects of path analysis, it is necessary that the X'X matrix be well conditioned. In the presence of multicollinearity, the variances associated with the estimators of the path coefficients can become excessively high, making the analysis unreliable. In addition, the parameter estimates can assume absurd or nonsense values in relation to the studied biological phenomenon (Cruz et al., 2004) . According to the NC criterion presented by Montgomery and Peck (2001) , the estimate matrix of the phenotypic correlations obtained here showed weak multicollinearity (NC = 81). Thus, in the absence of multicollinearity, we could include all traits evaluated in the path analysis (Table 3) . Table 3 . Estimates of the direct and indirect effects of the plant height (PH), average boll weight (ABW), concept (CON), percentage of fibers (PF), seed cotton yield (YS), fiber length (FL), uniformity of fiber (UNIF), short fiber index (SFI), fiber strength (FS), elongation (EL), micronaire (MIC), reflectance (REF), degree of yellowing (+b), spinning (SPI), and maturity of fibers (MAT) on cotton fiber yield (YF) evaluated in 16 cotton genotypes at eight environments in the State of Mato Grosso. *Significant according to the Student t-test at the 0.05 probability level. In breeding, it is important to identify, among the variables found to correlate strongly with the variable of interest, the ones that most directly and favorably affect selection, to obtain an efficient correlated response. We observed that the PF and YS traits were the most important, because they had the largest direct effects (0.5061 and 0.7348, respectively) on the principal dependent variable (YF). This indicates the presence of cause and effect. Furthermore, these traits exerted indirect effects on each other and may therefore be used both for direct and indirect selection of cotton genotypes with high YF. In contrast to our results, Hoogerheide et al. (2007) , when working with a smaller database, found that FS and UNIF were the traits with the largest direct effects on YF.
Similarly, but to a lesser degree, MAT showed a positive direct effect on YF and positive indirect effects on PF and YS. In addition, MAT correlated positively with MIC and FS, indicating that this trait can be used for indirect selection of genotypes with greater fiber productivity and industrial quality. The PH showed a significantly positive correlation (r = 0.7869) with the main dependent variable, whereas a direct negative effect was observed on YF (-0.0708). This indicates that the correlation was caused by indirect effects, in particular the traits PF and YS. According to Coimbra et al. (2004) , when observing strong negative direct effects, and strong positive indirect effects, the indirect selection cannot provide satisfactory gains. Thus, employment of simultaneous selection of traits is more appropriate (Cruz et al., 2004) , confirming our hypothesis that the PF and YS traits explain most of the observed variability in YF.
The presence of negative indirect effects of PH, FL, UNIF, SFI, FS, EL, MIC, RF, and +b illustrates the difficulty encountered when selecting only based on the behavior of the main variable (YF, in this case). Cruz et al. (2004) reported that, as yet, no suitable method is available to maximize the response to selection while considering only the main components of the main variable. Therefore, when the selection process is based only on YF, a loss of control may occur of the behavior of the technological cotton traits, which are a basic requirement for good cotton genotypes.
We obtained a high coefficient of determination (0.9998), which was higher than that obtained in other studies that have employed a path analysis in cotton (Iqbal et al., 2003; Hoogerheide et al., 2007) . This suggests that the genetic effects related to the main dependent variable, YF, are very well explained by the model.
